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OBJECTIVE

The objective of this U.S. Army Materials Technology Laboratory (MTL) technical report
is to present the test results from evaluation of the Vetrotex RH TM glass woven roving to
MIL-L-46197 (MR) requirements. The specific lot of RH glass/polyester material purchased for
this evaluation met the MIL-L-46197 (MR) performance requirements. The specification has
been formally amended and is now entitled LAMINATE: HIGH STRENGTH GLASS, FABRIC-
REINFORCED, POLYESTER RESIN IMPREGNATED, Amendment No. 1, 22 November 1991.

INTRODUCTION

MTL is a prime developer of fiber-reinforced, organic matrix armor systems offering both
ballistic efficiency and structural capability. The initial research included combinations of glass
fiber and aramid reinforcement, fiber finishes, and resin systems. 1,2 Since that time the struc-
tural armor development and demonstration efforts have included flat laminates, hatchdoors,
turret structures, and armored vehicles. 3-5 Mobility and transportability requirements for fu-
ture combat vehicles demand that system weights be reduced. The primary goal of MTL's ef-
forts is to reduce vehicle weight while maintaining ballistic protection levels and enhanced
crew survivability. Structure fabrication costs must also be considered early in materials selec-
tion, process development, and vehicle design.

The MTL Composite Infantry Fighting Vehicle (CIFV) program, with FMC Corpora-
tion, has successfully demonstrated the weight savings and durability of S-2' glass/polyester6,7
structural armor. ' The CIFV prototype incorporated over 4700 lbs. of S-2 fiberglass
woven roving/polyester composite. Cyanamid CYCOM' 4102 and SP Systems IFRRTM poly-
ester resins were both evaluated for this application. SP Systems was formerly known as
FERRO Composites Division. Both resins are modified diallY9 phthalates that are flame re-
sistant and offer self-extinguishing flammability characteristics.8 Detailed flammability char-
acterization has been completed and these resin systems do not present an undo hazard
for combat vehicle application.10'lt

Under the CIFV contract a comprehensive characterization of these S-2'" glass/polyester
systems was conducted. The Military Specification entitled LAMINATE: S-2 GLASS, FABRIC-
REINFORCED, POLYESTER RESIN IMPREGNATED was written to cover this application.
This specification was formally accepted by the military on 23 December 1987 and assigned
the designation MIL-L-46197 (MR). The Owens Corning Fiberglass (OCF) S-2 glass woven
roving product has set the standard for this application to structural armor. The ballistic effi-
ciency and spall reduction capability of the S-2 composite is well documented. 12 13

MATERIALS

In 1986 MTL acquired a sample of Saint Gobain's Vetrotex R glass, 24 oz/yd woven rov-
ing fabric for ballistic evaluation. This reinforcement was fabricated into a ballistic test lami-
nate using a wet layup process. The resin system used was the OCF E-701 polyester.
Ballistic data for E and S-2 glass/polyester laminates evaluated with the 207 grain (.50 cal)
fragment simulating projectile (FSP) were available for comparison. The results of these tests
are summarized in Table 1. This limited data showed that the R glass laminate ballistic limit
(V5 0) was higher than E but lower than that of an S-2 laminate of similar areal density.



Table 1. PRELIMINARY E, R, AND S-2 BALLISTIC COMPARISON

Fiber Type E R S-2

Test No. 245-81 433-86 176-82

Plies 53 53 53

Projectile ................... 207g FSP (50 Cal) ....................

Areal Density (PSF) 11.8 11.4 11.9

Ballistic Limit (Vso) 2484 2712 3233

Shots/Spread 2/42 2/165 2/90

In 1988 a newly available Saint Gobain product designated Vertrotex SRT 810-2295 was ob-
tained by MTL for ballistic evaluation. This fiber was claimed to have a higher tensile strength
than the previously tested R glass fiber, and the fabric had a weight of 23.8 oz/yd (810 g/m) and
an epoxy compatible finish. This fabric was fabricated into several different areal density lami-
nates, again using the OCF E-701 resin. The results of this round of evaluation are given in
Table 2. Comparing the results from Test No. 176-82 in Table 1 to Test No. 89-049 in Tati,. 2
shows that the SRT product had ballistic efficiency comparable to S-2. The SRT product was as-
signed the new RH glass designation shortly after this MTL evaluation.

Table 2. SRT GLASS/E-701 RESULTS

FSP A. D. V50

Test No. (g) (psf) (fps) Shots/SPR
89-074 17 2.26 1740 4/52
89-047 44 5.65 2597 2/124
89-050 207 5.65 1613 2/145
89-049 207 12.45 3486 2/86

The higher ballistic performance of the RH glass laminates over the previously obtained
R glass, and the similarity to the OCF S-2 glass, is further explained by comparing the fila-
ment property data in Table 3. These glass filament properties were taken from the
manufacturer's data sheets. 14, 15

Table 3. GLASS FILAMENT PROPERTY COMPARISON

Filament Density Tensile Modulus

Type (g/cc) (ksi MPa) (Msi GPa)

E 2.60 500 3448 10.5 73
R 2.53 638 4400 12.5 86

S-2 2.49 665 4563 12.6 87
RH 2.49 685 4700 13.0 90

2



In 1990, the MTL Composites Development Branch received military funding to evaluate
the higher strength Vctrotex RH' glass fiber to the MIL-L-46197 (MR) performance require-
ments. As discussed previously, this specification was written for applications requiring both
ballistic and structural performance. At that time, the only product that met the mechanical
and ballistic minimum performance levels was OCF S-2 glass. The 24 oz/yd, 5 x 5 plain
weave, S-2 glass fabric has an OCF 463 epoxy compatible finish. MTL procured 233 yards of
the RH glass product preimpregnated by Cyanamid with CYCOM' 4102 polyester resin.
The Vetrotex RHT M glass had an epoxy compatible finish designated P-109. The weaving
and impregnation of the fabric was conducted by Cyanamid in strict compliance with the
MIL-L-46197 (MR) roving, fabric, and prepreg specifications.

PROCESSING

The glass/polyester structural armor proposed for future combat vehicle structures is cured
using a vacuum bag molding process with oven cure. It is MTL's goal to keep the cost of
the capital equipment to a minimum when molding armored vehicle hulls. The vacuum
bag/oven cure process eliminates the need for expensive autoclave systems. The vacuum bag
process does, however, produce composite laminates with slightly higher void contents than
those normally obtained from a high pressure autoclave cure. This higher void content (1%
to 3%) does, however, produce the best combination of ballistic and mechanical properties.

The RH glass/CYCOMT M 4102 prepreg was fabricated into nine and 69 ply test laminated.
Assigning the warp rovings to the 0 direction, the nine ply laminates had a quasi-isotropic con-
struction or stacking sequence of 0/-45/+45/90/0/90/+45/-45/0. This quasi-isotropic construction
was required since mechanical properties were to be determined in addition to the ballistic
properties. The laminates having 69 plies were fabricated using a 0/90 stacking sequence.
Since only the ballistic limit was to be obtained, this construction saved material and eased
fabrication of the laminates. The prepreg was laid onto flat aluminum caul plates covered
with a suitable release film. The bagging sequence incorporates perforated release film,
bleeder felt, barrier release film, breather felt, and a nylon vacuum bag. This bagging se-
quence for a complex part, versus a flat laminate, is shown in Figure 1. A thermocouple was
placed at the center of the thicker laminate to monitor the mid-laminate temperature during
cure.

The cure cycle for the 69 ply laminates (see Figure 2) requires three temperature
changes to produce acceptable test laminates.16 The first step is a 150°F soak that allows
resin flow and fiber wetout without initiating the cure reaction. The next step is a 170°F
soak which initiates the cure reaction. The development of residual stresses during thick lami-
nate cure is also strongly influenced by processing and should be minimized. 17 At this 170OF
oven temperature, the mid-laminate exotherm was in a range from 230°F to 2600 F. After the
exotherm has peaked the oven temperature is raised to 250OF for post cure.

PHYSICAL CHARACTERISTICS

The resin content of the nine ply laminate was determined using ASTM D 2584-68, Stan-
dard Test Method for Ignition Loss of Cured Reinforced Resins. Three 1 x I" specimens
were subjected to this burnout test procedure and yielded an average resin content of 32.8%.
This particular RH glass/polyester laminate met the MIL-L-46197 (MR) specification require-
ment of 34 ± 3% resin by weight.

3
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Figure 2. Cure cycle, 69 plies RH glass/polyester.

Although not required, the water absorption characteristics of this RH glass/polyester lami-
nate were evaluated. Specimens having dimensions of 1" x 3" were machined fiom the nine
ply laminate. The machined edges of the specimens were left unprotected during the long-
term immersion in room temperature water. Figure 3 plots the moisture gain of these speci-
mens over a one year period. The maximum average weight gain was slightly above 0.3%.

MECHANICAL PROPERTIES

Tensile, flexure, compression, and short beam shear tests were conducted on the nine ply
laminate. Table 4 compares the MIL-L-46197 (MR) requirements to the results of the RH
glass laminate testing.
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Figure 3. RH glass/polyester water absorption.

Table 4. REQUIREMENT VERSUS RH GLASS MECHANICAL PROPERTIES

Property Requirement RH Glass

Tensile Modulus (D638) 2.3 Msi 3.5 t .25 Msi
(15.8 GPa) (24.1 GPa)

Tensile Strencith (D638) 43 ksi 42.4 ± 1.1 ksi
(296 MPa) (289.6 MPa)

Flexural Modulus (D790) 2.5 Msi 3.7 ± .07 Msi
(17.2 GPa) (25.4 GPa)

Flexural Strength (D790) 32 ksl 43.4 ± 2.0
(221 MPa) (299.3 MPa)

Compressive Strength (D695) 20 ksi 29.3 t 1.6 ksi
(138 MPa) l,202.1 MPa)

Short Beam Shear (D2344) 2.5 ksi 4.0 t ksi
(172 MPa) (27.6 MPa)

6



BALLISTIC EVALUATION

Ballistic screening of the high strength glass laminates with a 20 mm fragment simulating
projeci.le is required under MIL-L-46197 (MR).18,19 The large 69 ply RH glass laminates
were cut into 1' x 1' targets which were impacted with one center shot per target. The ballis-
tic limit velocity (V 50 ) must meet or exceed 2380 fps (740 mps) The targets had an average
areal density of 17.55 psf. The limit velocity easily meets the 2380 fps requirement with a
value of 2755 fps. The detailed ballistic results are reported in Table 5.

Table 5 BALLISTIC SCREENING RESULTS

Velocity

Result On Comment
Shot No Grid X-Ray Yaw Angle Target (Bulge)

1 2163 2206 75 Partial Medium

2 2423 2406 83 Partial Large

3 2545 2524 90 Partial Large

4 2630 2619 .53 Partial Large

5 2798 276 1 83 Complete

6 2724 2708 .79 Partial Large

7 2738 2734 .53 Partial Large

MTLTest No = T-13-91
Limit Velocity = 2755 fps
Spread (2 Shot) = 42 fps
High Partial = 2734 fps
Low Complete = 2776 fps

CONCLUSIONS

References to trade name glass fiber products were deleted from the subject military speci-
fication and substituted with the term high strength glass. The title for MIL-L-46197 (MR) is
now LAMINATE: HIGH STRENGTH GLASS, FABRIC-REINFORCED, POLYESTER RESIN
IMPREGNATED, Amendment No. 1. 22 November 1991. The particular lot of RH glass eval-
uated under this research effort meets the performance requirements of the specification.
The S-2 and RH fiberglass/polycstcr products should both meet the specification requirements
when manufactured and processed in strict compliance with MIL-L-46197 (MR). The identifi-
cation of this second source product will generate pricing competition and cost savings for the
Government. The test detailed in the specification should be conducted on individual lots of
both products to assure minimum performance levels.

ACKNOWLEDGMENTS

The author would like to acknowledge the following personnel for their assistance during
this evaluation: Messrs. Herb Gasset, Richard Laporte, and Elias Rigas for laminate fabrica-
tion; Mr. Gerald Libby for specimen machining; Mr. Elias Pattie for mechanical testing; Mr.
Robert Klinger for water absorption testing; and Messrs. James Brown, Robert Muller, John
Loughlin, and John Segalla for conducting ballistic testing.

7



REFERENCES

1I ALidESI, A. L. Reinforced Plastic Structural Armor Materials. Sixth Conference on Fibrous Composites in Structural D~esign. Conference
Proceedings. 24 January 1983.

2. ALESI, A L- and FLASKELL, W. E. Aranrud Composite Structural Armor Materials for Giround Combat Vehicles. U S. Armv Materials
Technology Laboratory. MTI, TR 89-102. November 199

3. LOCKE. J 0., and CROPPER, R. D. Ligmwight Combat Vehicle Cargo Domi~ Goodyear Aerospace Corporation. Contract No.
DAAG46-82-C-0077, U.S. Army Materials Technology Laboratory. AMMRC TR 84 41. October 1984.

4 SULLIVAN. F. R. Reinfoced Plastc Turm for the M21M3. FMC Corporation, San Jose, CA. Contract No. DAAG46-83-C4M, Final
Report U.S. Army Materials Technology Laboratory. MIT TR 81-39, August 1987

5 Composite Hull for an Anphibious Vehicke Phase I A II. Final Report. Martin Marietta Corporation, Report No. 00730. Coniract No
N00167 84-C-43023. D~avid Tavlor Research Center

6 WEE RT11. D E Composite !nfanoy Fititting Vehicle iCIPT) F-MC Corporation, San lose. CA, Contract No l)AAI.04 86 C:4X)79.
Phase 1, Interim Report. U S. Army Materials Technology Laboratory, M-T1 TR 89 23. March 1989.

7. PARA- P R. Composite Infantry himng Vehicle WCI) Program - Phas II FMC Corporation. Ground Systems Division. Santa Clara.
C.A. Contract No. DAMA).4-86-C-lX)79. Interim Report, U.S. Army Matrnals Technology Laboratory. M1I.,'FR 91 .34. September 19NI.

,$ CYCOM' 4102 Structural Resin. Materials Safety D~ata Sheet No. 2397-01, American Cyanamid Company. Wayne, NJ, O)ciober 1982.
9 SP Swstms. IF-RR/"7'"8 Materials D~ata Sheet. 5915 Rodeo Road. Los Angeles, CA. 1.8(0-5.14-2279
0 MACAIONE. D. P. Flarnmabiliy Characteristics of fiM'e Rein forced Composites for the Compilosite Infanry f'ixhting 1Vehicle 1. S. Arm%

Materials 1'echntilogy Laboratory. M'fl. TR 9W-45. September 19%0.
1 '11 'WARSON. . Ftwmablin- Characteristcs of Fiber- Reinforced Composite Materials. Factory Mutual Research Corporation. Nor-wood.

MAt. Contract No. DAAI.04-87 ('4)079, U.S. Army Materials Technology Laboratorv, M-n. Tk 90 41. August 19).
I. ILLSS, S. J . and HIARTMAN. 1). R. liallistc Penetration of S 2 Glass L~aminates S-2 Glass I-iber Technical Paper. Owens Corning

Fiberglass.
I I 1ASKLI.. W E. Spall Reduction: Composite Verswus wnnum Armor. 11 S Army Materials Technology Laboratory, M-11 TR i8-10.

May 1988
4 S-2 Glass Fiber Resource Manual. Reinforcement Materials Marketing. Owens Corning F'iberglass- Toledo. O1l, 416'9

SR and RI1 Gla" Chemical Composition. Vetrotex Data Sheet. IM11 04-02-2
6 Manufacturing Methods Report FMC Corporation. San Jose. CA. Contract No DAA1,t9-Mt C-079. U S -Vmy Materials Technology

Laboratory. CDRL Item No. A00)7. January 1988
7 14061:1F17. T. A.. and GII.LFSPIF. J. W Proces-Induced Stress and Deformation in Thick-Section Thermoset Composite laminaes.

U S Army Ballistic Research Laboratory. BRI. TR-318'.. D~ecember 1990.
8 MlL'-S1)D-66ZF, Military Standard VO Ballistic Test for Armor. 22 January 1987
9 MII. P-465S91, Projectile. Calibers 22. 30. 50. and 20-mm Fragment and Simulating.



DISTRIBUTION LIST

No. of
Copies To

1 Office of the Under Secretary of Defense for Research and
Engineering, The Pentagon, Washington DC 20301

Defense Technical Information Center, Cameron Station, 5010
Duke Street, Alexandria, VA 22304-6145

2 ATTN: DTIC-FDAC

Headquarters, U.S. Army Materiel Command, 5001 Eisenhower
Avenue, Alexandria, VA 22333-0001
ATTN: AMCSCI, Dr. Richard Chait (Rm 10E20)

Commander, U.S. Army Laboratory Command, 2800 Powder Mill
Road, Adelphi, MD 20787-1145

1 ATTN: AMSLC-DL, Mr. Richard Vitali
1 AMCLD-PM, Capt. M. McGonagle
1 AMSLC-AT, Dr. Don E. Snider
1 AMSLC-TL, Technical Library

Commander, U.S. Army Foreign Science and Technology Center,
220 7th Street, N.E. Charlottesville, VA 22901-5396

1 ATTN: AIFRTC, Mr. Wm. Marley

Director, Defense Advanced Research Project Agency, Joint
Program Office, 1400 Wilson Blvd, Arlington VA 22209
ATTN: Maj. R. Kocher

Commander, U.S. Army Tank-Automotive Command, Warren, MI
48397-5000

1 ATTN: SFAE-ASM, MG Pete McVey, (PEO)
1 SFAE-ASM-F, BG A. Trifiletti
1 SFAE-ASM-F, Mr. Walt Wynbelt
1 SFAE-ASM-BV, Col. J.B. Holeman
1 SFAE-ASM-BV, Mr. Gary Chamberlain
1 SFAE-ASM-SS, Col. Wm Miller
1 SFAE-ASM-SS, Mr. Terrance Dean
1 AMSTA-CR, Mr. Wayne Wheelock
1 AMSTA-Z, Mr. J. Florence
1 AMSTA-RS, Dr. James Thompson

AMSTA-RS, Mr. Sam Goodman

Director, U.S. Army Ballistic Research Laboratory, Aberdeen
Proving Ground, MD 21005-5066

1 ATTN: SLCBR-TB-AR, Mr. Wm. Gooch
I SLCBR-TB-AR, Mr. Wm. Percibelli
1 SLCBR-SE, Ms. Barbara Moore
1 SLCBR-IB, Dr. Bruce Burns
I SLCBR-IB-M, Dr. Travis Bogetti



No. of
Copies To

Director, Harry Diamond Laboratories, 2800 Powder Mili Road.
Adelphi, MD 20783-1145

1 ATTN: SLCHD-NW, Mr. Rich Li]ngebach

Commander. U.S. Army Laboratory Command, Low Observatle
Technology Office 2800 Powder Mill Road, Adelphi, MD
20783-1145

1 ATTN: Mr. Don Woodbury

Director, U.S. Army Natick Research, Development and
Engineering Center, Natick, MA 01760
ATTN: Dr. Robert Lewis

1 Technical Library

Commander, U.S. Army Armaments, Munitions and Chemical
Command, Dover, NJ 07801

1 ATTN: AMDAR-LCA, PLASTEC Director

David Taylor Naval Ship Research & Development Center,
Caderock Division, Bethesda, MD 20084

1 ATTN: Mr. Walt Zeitfuss, Code 1240
1 Mr. Rod Peterson, Code 1240
1 Mr. Rich Swanek, Code 1240

U.S. Secret Service. 1800 G Street NW (TSD) , Washington, DC
20006-4407
ATTN: Mr. John McCalla

1 Mr. Tim Thomas

Director, Aviation Applied Technology Directorate, Ft.
Eustis, VA 23604-5277

1 ATTN: Mr. George McCallister

U.S. Army CSTA, APG, MD 21005-5059
1 ATTN: STECS-LI-S, Dr. David Brown, Bldg 359
1 STECS-LI-V, Mr. Derek Erdley, Bldg 359

Wright Laboratories, Wright Patterson AFB, OH 45433-6553
1 ATTN: WL/FIVS, Mr. Al Kurtz

Owen-Corning Fiberglas Corporation, Technical Center, £0Q
Columbus Road, Route 16, Granville, OH 43023

1 ATTN: Mr. Dave Hartman

Du Pont Company, Composites Division, Bldg 705, Chestnut Run,
Wilmington, DE 19898

1 ATTN: Mr. Richard 0. Myers

Erskine-Johns Company, 306 Swan's Wharf Row. Brick Market
Place. Newport, RI 02840

1 ATTN: Richard O'Meara



No. of
Copies To

FMC Corporation, 2890 De La Cruz Blvd, Santa Clara, CA
95052-2619

1 ATTN: Mr. Paul Para
1 Mr. Jim Drotleff
1 Mr. George Thomas

General Dynamics Land Systems Davison, P.O. Box 1804, Warren.
MI 48090-2094

1 ATTN: Mr. David K. Rock

Simuia Inc. 10016 South 51st Street, Fhoeni<x, AZ -- 5I44-:2
ATTN: Mr. Joseph Coltman

BMY Combat Systems, P.O. Box 15512, York, PA i7495-151Q
1 ATTN: Mr. Dan Whiteside
1 Ms. Ellen Brady

American Technology Applications Knowledge, Inc. , 95 South
Market Street, Suite 300, San Jose, CA 95113

1 ATTN: Mr. Erich Weerth

Director, U.S. Army Materials Technology Laboratory,
Watertown, MA 02172-0001

2 ATTN: SLCMT-TML
! Author



z z
0 C ~ 0 C -,

0~~ ~ ~ ~ *E C ., t0
fol 4 o .2. a C-', I

La E 4' 2 ;a~- E4 .,U a a9 a E -4 0 -0(
0 3 e~ 9: , uLL 0 0r-:

en 0 EZ"I 3 0 M - 3EZ4

0
1 z ES s. 0a P

z t 0 C0C C0C &
0 E ZM 02cJD) , : 6c 5 E - o N

n "a .--- ' M7 *ir-

j4M M D M-0 CL E

ac u a a

.2 L _ O .10D CC cc~

0- 0 400D
z a

a~!2 .E~- z -: ' 'D26;;
c 0000 ~0 075 0 - -- M a 7 -O

w ~ CL aE r o~ a r -u D - -j-
* " 00.o L " 0 O ~ 00.QMccXIa = a~.a -. a X Ix0 0.- b ZE a

0 E -aZ EaD0Ea; 0!

a- 0~ 0 U); oa *D
Ic LI- 0 0 nE*2a --

0 "0
P- 0 t=m- =2 L t -a

ua0;: -8L Z ~-- -aa a ca : x 0) ,EN ID
(a C 0 a- E 45-~ *>I EZ0IEa a M- 0 021-4 75 c *0 8-0 C 200 Co 0  

>o '~ _LZ Ztc
-3 4 a ncr () >2 6 cc d 0> -> 0

-10 X a 2~ 20 actI0 02 O E

-a **z 040 * a,

CD 2z-- cis c I a a c- >.cE0
------------------ '------------------------------


